Abstract Heavy episodic drinking, also termed binge drinking, is commonly practiced by young adults. It is accompanied by a range of cognitive, affective, and social problems, but the neural dynamics underlying changes in emotional functions is poorly understood. To investigate the behavioral and brain indices of affective processing as a function of binge drinking, young, healthy participants (23.3 ± 3.3 years) were assigned to two groups (n = 32 each) based on their drinking habits. Binge drinking (BD) participants reported drinking heavily with at least five binge episodes in the last 6 months, whereas light drinkers (LD) reported no more than one binge episode in the last 6 months. Participants provided subjective ratings of emotionally evocative images with negative, positive, erotic, and neutral themes mostly selected from the International Affective Picture System (IAPS). Electroencephalography (EEG) signal was recorded with a 64-channel system and analyzed in theta frequency band (4-7 Hz) with Morlet wavelets. Subjective ratings of the IAPS pictures were equivalent across both groups. However, affective modulation of eventrelated theta power both during early appraisal and later integrative processing stages was attenuated in BD, particularly those engaging in high-intensity drinking. These findings suggest that binge drinking is associated with altered neurophysiological indices of affective functions that are reflected in lower theta responsivity to emotions. The blunted long-range cortico-cortical and corticolimbic integration is consistent with compromised affective functions in alcohol use disorder. These findings may have implications for diagnostic and intervention strategies in heavy alcohol users.
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Drinking is an essential aspect of social situations across many cultures. It is commonly associated with positive expected outcomes in affective and social domains including enhancement of mood and pleasure, greater ease of social interactions, and reduction of anxiety (Jones, Corbin, & Fromme, 2001) These expectancies are partly borne out by reports of improved positive feelings (Dolder et al., 2017) and diminished anxiety responses to social stressors during alcohol intoxication (Sayette, Smith, Breiner, & Wilson, 1992; Sher, Bartholow, Peuser, Erickson, & Wood, 2007) . However, studies indicate that alcohol intoxication impairs affective functions, including recognition of emotional facial expressions (Attwood & Munafo, 2014; Borrill, Rosen, & Summerfield, 1987) , emotional pictures (Knowles & Duka, 2004) , and the ability to control aggression (Pihl & Sutton, 2009) . Electroencephalography (EEG) measures of emotional processing are also altered by acute alcohol challenge. In an emotional go/no-go task, faces with emotional expression evoked larger N200 and smaller P300 amplitudes during moderate intoxication (Euser & Franken, 2012) . Late event-related potentials (ERPs) were similarly reduced to unpleasant pictures during alcohol challenge (Franken, Nijs, Muris, & Van Strien, 2007) . These results lend support to the dampening effects of acute alcohol intoxication on the behavioral and brain responses to emotionally valenced stimuli. Studies in individuals with alcohol use disorder (AUD) provide extensive evidence that long-term alcohol abuse is associated with a wide range of emotional impairments (D'Hondt, Campanella, Kornreich, Philippot, & Maurage, 2014; Oscar-Berman & Marinkovic, 2007) . The most common emotional alterations include deficits in emotional differentiation of facial expressions (Kornreich et al., 2013; Kornreich et al., 2002; Philippot et al., 1999) , voices Monnot, Lovallo, Nixon, & Ross, 2002) , body postures , and contextual scenes (Grynberg, Maurage, & Nandrino, 2017) . Neuroimaging studies have revealed alcoholismrelated functional and structural perturbations in corticolimbic and frontoparietal circuits that are pivotal for emotional and social functioning (Makris et al., 2008; Marinkovic et al., 2009; Muller-Oehring & Schulte, 2014; Oscar-Berman et al., 2014; Sullivan & Pfefferbaum, 2005) . Studies using ERPs have reported reduced neural activity associated with early visuospatial perception and subsequent cognitive elaboration of emotional facial expressions in individuals with AUD Maurage, Campanella, Philippot, Vermeulen, et al., 2008; Maurage et al., 2007) . Furthermore, lower levels of skin conductance reactivity were reported in abstinent alcoholics in response to faces (Sawyer, Poey, Ruiz, Marinkovic, & Oscar-Berman, 2015) . Taken together, emotional deficiencies reported in alcoholic individuals are multifaceted, encompass different neurofunctional systems, and are associated with interpersonal difficulties observed in this population (Kornreich et al., 2002) .
Even though heavy episodic drinking, also known as binge drinking, is a serious public health problem, its possible association with emotional deficits has not been well studied. Binge drinking is commonly defined as imbibing at least five drinks for men and four drinks for women in about 2 hours, which may raise the blood alcohol concentration to 0.08% (National Institute on Alcohol Abuse and Alcoholism, 2017). This drinking pattern is common among young adults, and it represents a large problem on college campuses (Wechsler et al., 2002) . Binge drinking is accompanied by a broad spectrum of mental health problems such as depression, anxiety, stress, and interpersonal difficulties (Kuntsche, Rehm, & Gmel, 2004; Laukkanen, Shemeikka, Viinamaki, Polkki, & Lehtonen, 2001; Mäkelä & Mustonen, 2000; Marczinski, Combs, & Fillmore, 2007; Okoro et al., 2004; Stahre, Brewer, Fonseca, & Naimi, 2009 ). Variability in drinking levels is associated with a considerable heterogeneity in the accompanying effects, but it has been shown that the highintensity drinkers are at a particularly high risk for negative health consequences (Patrick, Terry-McElrath, Kloska, & Schulenberg, 2016; White, 2017) including mental/physical health (Wen et al., 2012) and academic/occupational functioning (Read, Beattie, Chamberlain, & Merrill, 2008) . Most studies using EEG-based measures demonstrated altered ERPs and event-related oscillations in binge drinkers during cognitive tasks probing inhibitory control, working memory, verbal encoding, and oddball detection (López-Caneda et al., 2017; Petit, Maurage, Kornreich, Verbanck, & Campanella, 2014; Rangaswamy & Porjesz, 2014) . Other ERP studies employed stimuli with emotional valence and reported decreased P3 latencies and amplitudes to faces (Ehlers et al., 2007) and prolonged ERP latencies to utterances with emotional prosody (Maurage, Pesenti, Philippot, Joassin, & Campanella, 2009 ) in young binge drinkers. However, a better understanding of the association between drinking levels and the neural basis of the affective dysfunctions is still needed. The present study examined the sensitivity of behavioral and brain-based indices to the varying levels of binge drinking intensity during an emotionally evocative task. Binge drinking is considered to be a transitional stage that precedes chronic alcohol use (Enoch, 2006; Koob, 2014; McCarty et al., 2004) , as it shares similar patterns of impairments with AUD in a wide range of neurocognitive functions (for review, see Petit et al., 2014) . On this view, the association between blunted emotional processing and AUD could also be extended to young adults who engage in binge drinking, but such evidence is still lacking. Considering the significant overlap of corticolimbic neurocircuits recruited by emotional processing and addictive effects of alcohol, studies of binge-related neuro-affective anomalies may provide insights into the early stages of corticolimbic dysregulation associated with high episodic drinking. Those deficits may underlie the emotional difficulties, interpersonal problems, and the development of alcohol addiction in young individuals who practice heavy drinking (Gilpin & Koob, 2008; Koob & Volkow, 2010; Kornreich et al., 2002) .
In order to probe affective responsivity, we used images depicting emotional scenes from the International Affective Picture System (IAPS; Lang, Bradley, & Cuthbert, 2005) . The IAPS is a large collection of standardized color photographs of scenes differing along the dimensions of emotional valence and arousal. We measured EEG and analyzed the signal in time-frequency domain to examine the oscillatory dynamics of affective processing as a function of drinking habits. Recent studies have applied this methodology to analyze affective modulations of the neural oscillations in theta (4-7 Hz) frequency band (for review, see Guntekin & Başar, 2014; Knyazev, 2007; Knyazev, Slobodskoj-Plusnin, & Bocharov, 2010) . Studies using IAPS pictures in young, healthy individuals have reported greater event-related theta power for emotional (both negative and positive) relative to neutral pictures during valence judgment, with the maximum difference appearing at 200-600 ms poststimulus and over Cogn Affect Behav Neurosci posterior electrode sites (Aftanas, Reva, Varlamov, Pavlov, & Makhnev, 2004; Aftanas, Varlamov, Pavlov, Makhnev, & Reva, 2001 Balconi, Brambilla, & Falbo, 2009) . Greater theta responses to emotional relative to neutral visual stimuli may reflect the key role of theta oscillations in integrating affective with cognitive aspects such as attentional and mnemonic operations during processing of emotionally evocative images (Knyazev, 2007; Knyazev et al., 2010) . Indeed, intracerebral laminar recordings in humans indicate that theta oscillations are primarily generated in superficial cortical layers and may reflect widespread integration across different cortical areas (Halgren et al., 2015; Wang, Ulbert, Schomer, Marinkovic, & Halgren, 2005) . These connections also extend to subcortical structures, notably the hippocampus and amygdala, so theta rhythmic activity may underlie corticolimbic interactions that mediate cognitive and emotional processes (Başar, Başar-Eroğlu, Karakaş, & Schürmann, 1999; Hyman, Zilli, Paley, & Hasselmo, 2005; Paré, 2003) . Theta oscillations are particularly vulnerable to both acute and chronic effects of alcohol as demonstrated by reduced theta power during demanding cognitive tasks, including working memory, salience detection, inhibitory control, and response conflict (Boha et al., 2009; Jones et al., 2006; Kamarajan et al., 2004; Kamarajan et al., 2012; Kovacevic et al., 2012; Krause et al., 2002; Marinkovic, Rosen, Cox, & Kovacevic, 2012; Pandey et al., 2016; Rangaswamy & Porjesz, 2014) . Additionally, given their genetic link with alcohol dependence, disturbances in theta oscillations have been suggested as a promising endophenotype for susceptibility to alcohol addiction (Porjesz & Rangaswamy, 2007; Porjesz et al., 2005) . In light of the sensitivity of theta to emotionally valenced stimuli and to alcohol-induced effects in the cognitive domain, this study focused on theta changes during the processing of IAPS affective picture categories as a function of heavy episodic (binge) alcohol consumption. Participants were shown images of negative, positive, erotic, and neutral scenes and were asked to rate the valence and intensity of the emotions induced by the pictures. It was hypothesized that emotionally specific theta power would be weaker in individuals who engaged in binge drinking, especially those who reported high-intensity drinking patterns.
Method Participants
Participants in this study were 64 young, healthy adults (average age 23.3 ± 3.3 years, age range: 18-30 years, 32 females). They were all right-handed and reported no drug use or cigarette smoking for at least 1 month prior to the study, no history of seizures, brain injury, neurological or neuropsychiatric disorders, no vision or hearing problems or learning difficulties, and were not taking any medications at the time of the study. Based on the information they provided on their current and recent drinking patterns during screening, which included the number of binge-drinking episodes in the past 6 months, they were divided into binge drinking (BD) and light drinking (LD) groups. The BD group comprised 32 participants who reported at least five binge episodes in the past 6 months. A binge episode was defined as consuming at least six (males) or five (females) drinks within a 2-hour time span. This criterion for defining a binge episode was adopted based on empirical evidence suggesting that this level of drinking is more likely to result in blood alcohol concentration (BAC) of 0.08% or above (Lange & Voas, 2001) . Another 32 participants who reported no more than one binge episode in the last 6 months were assigned to an LD group (please see Table 1 for details on group characteristics). The two groups were matched on age, gender, education, ethnicity/race, and percentage of participants reporting positive family history of alcoholism. As described in further detail below and in Table 1 , the BD group reported higher levels of drinking and scored higher on all alcohol-related variables, as well as depression and impulsivity. However, no group differences were found on personality dimensions or performance on cognitive tasks. An additional 215 potential participants were excluded during screening because of marijuana use (54%), smoking tobacco (17%), current neuropsychiatric disorders (6%), or a combination of factors (23%).
Procedure
Upon enrollment, participants completed an extensive battery of questionnaires that probed their handedness (Oldfield, 1971) , medical history, and drinking habits, including the frequency and quantity of alcohol consumption (modified from Cahalan, Cisin, & Crossley, 1969) , the magnitude of response to alcohol (Self-Rating of the Effects of Alcohol, SRE; Schuckit, Smith, & Tipp, 1997) , the severity of alcoholismrelated symptoms (Self-Administered Short Michigan Alcoholism Screening Test, SMAST; Selzer, Vinokur, & Van Rooijen, 1975) , motives for engaging in alcohol use (Drinking Motive Questionnaire Revised Short Form, DMQ-R SF; Kuntsche & Kuntsche, 2009) , and the consequences of drinking (Brief Young Adult Alcohol Consequences Questionnaire, B-YAACQ; Kahler, Strong, & Read, 2005) . A modified version of the Family History Assessment Module (FHAM; Rice et al., 1995) was administered to categorize participants as family history negative (FHN; those with no biological relatives reported as problematic drinkers or alcoholics), family history positive (FHP; alcoholism was reported in at least one first-degree and one first-degree or second-degree relative, or in at least three second-degree relatives), or undefined (participants who did not meet the Cogn Affect Behav Neurosci criteria for either negative or positive family history) group. There were no group differences in the distribution of family history of alcoholism. The attention, motor, and nonplanning dimensions of impulsivity traits were assessed with an Abbreviated Impulsiveness Scale (ABIS; Coutlee, Politzer, Hoyle, & Huettel, 2014) . In addition, they completed questionnaires measuring personality (Eysenck Personality Questionnaire, EPQ; Eysenck, Eysenck, & Barrett, 1985) , depression (9-item Patient Health Questionnaire, PHQ-9; Kroenke & Spitzer, 2002) , anxiety (7-item anxiety scale, GAD-7; Spitzer, Kroenke, Williams, & Lowe, 2006) , and sensation seeking (Brief Sensation Seeking Scale, BSSS; Hoyle, Stephenson, Palmgreen, Lorch, & Donohew, 2002) . The participants also completed the NIH Toolbox Cognitive Battery that included the List Sorting Working Memory Test to assess working memory capacity, Dimensional Change Card Sort (Gershon et al., 2013) . Upon arrival to the lab, participants were asked about their compliance with the request to refrain from consuming any alcohol for at least 48 hours prior to the experiment. All participants tested negative on a 12-panel urine multidrug test (American Screening Corporation, USA). They filled out the Timeline Follow-Back (TLFB) scale (Sobell & Sobell, 1992) , in which they estimated the quantity and frequency of their alcohol consumption during the past 30 days prior to the experiment. They also reported the number of heavy drinking days within the last 30 days, defined as at least six (males) or at least five (females) drinks within 24 hrs. Participants practiced the task and were fitted with an electrocap to record the scalp EEG signal while they performed an emotional rating task. At the end of the experiment, participants were debriefed and compensated for their participation.
Material
The stimulus set consisted of 352 color pictures, with 88 pictures from each of the negative, positive, erotic, and neutral categories. Most of the pictures (~80%) were selected from the International Affective Picture System (IAPS; Lang et al., 2005) . Images with the highest arousal ratings from the negative and positive categories as well as those with the lowest arousal ratings from the neutral category were selected. Additional pictures were obtained from the Geneva Affective Picture Database (GAPED; Dan-Glauser & Scherer, 2011), the picture database from Schaefer, Pottage, and Rickart (2011), or Internet sources. Five raters (three males) who did not participate in the study were requested to rate their impressions of the visual complexity based on the relative number of different visual elements of each picture on a scale ranging from 1 (very simple) to 9 (very complex). Pictures were rated as being moderately visually complex and were equated across the negative (M = 4.17, SD = 1.14), positive (M = 4.22, SD = .95), and neutral photos (M = 4.18, SD = 1.03), with all paired-sample t test ps > .55. However, erotic pictures (M = 3.45, SD = .80) were rated as being less visually complex than other categories, ps < .008. These raters were also asked to provide valence and arousal ratings for the additional pictures and a subset of the standard IAPS set on a 9-point Likert scale. This assured consistency with standard ratings, with all ps > .50 based on independent-sample t tests.
The valence scores were obtained on a bidirectional scale ranging from 1 (completely unpleasant) to 9 (completely pleasant), while the arousal scores were obtained by asking the subjects to rate how excited versus calm each picture made them feel on a scale ranging from 1 (completely calm) to 9 (completely excited) (Lang et al., 2005) . Independent-sample t tests performed on valence ratings combined across all sources indicated that the negative, positive, erotic, and neutral categories differed in a manner consistent with their categorization, ps < .001. Positive pictures were rated as more pleasant than those with erotic content, p < .001. All emotional pictures had higher arousal ratings than the neutral set, ps < .001. The arousal scores for erotic and negative pictures were both rated as more arousing than positive pictures, ps < .001 (please see Fig. 1 for average rating scores on valence and arousal of each category). This profile is consistent with other reports (Bradley, Codispoti, Cuthbert, & Lang, 2001; Bradley & Lang, 1994) . The presence of human faces was balanced across emotional categories except for the erotic category that contained human faces in all pictures. All pictures were standardized and resized to 1024 × 768 pixels/inch.
Task description
The experiment was conducted with a PC using the Presentation software (Neurobehavioral Systems Inc.). During the recording, each trial started with a fixation cross presented for 1,000 ± 250 ms. Pictures were presented for 1,000 ms in the center of a 24-inch color monitor subtending a visual angle of 6.0°× 4.5°at a viewing distance of 180 cm. Participants were instructed to attentively view each picture and judge how it made them feel. After the offset of each image, a 9-point visual Likert scale ranging from 1 (very negative) to 9 (very positive) was presented for 2,700 ms prompting participants to provide their ratings with a joystick. Pictures were presented in a randomized order in eight blocks, with 44 pictures per block. Care was taken to equate pictures for valence and arousal across blocks. Digital event markers were sent out to the EEG acquisition system simultaneously with each picture presentation. Prior to the recording, participants practiced the rating task with an additional 20 pictures that were not used during the actual experiment.
EEG recording
EEG signals were recorded from a 64-channel actiCHamp DC Brain Vision system (Brain Products GmbH, Germany) and were continuously sampled at 500 Hz. The nose served as the reference and an electrode attached to forehead as ground. Eyeblinks and eye movements were monitored with bipolarly referred electrodes attached above and below the left eye. The electrode impedance was maintained below 5 kΩ.
Data processing and analysis
EEG data were analyzed with custom-written MATLAB (MathWorks, Natick, MA) routines and included modules from publicly available packages, including Fieldtrip (Oostenveld, Fries, Maris, & Schoffelen, 2011) , and Cogn Affect Behav Neurosci EEGLAB (Delorme & Makeig, 2004) . The continuous EEG data were filtered with a bandpass of 0.1 to 100 Hz and segmented into epochs extending from −300 to 1,000 ms relative to each stimulus onset. A 300-ms long padding was added to each end of the epoch to account for edge artifacts during the wavelet analysis. The data were carefully inspected, and those trials that contained obvious artifacts or other discontinuities were rejected. Next, an independent component analysis was used to detect and remove artifacts caused by eyeblinks and heartbeat (Delorme & Makeig, 2004) . Complex power spectra were calculated for each trial using Morlet wavelets (Oostenveld et al., 2011) in theta range (4-7 Hz) in 1 Hz increments. Wavelet length was 500 ms, and wavelength width varied from two to four cycles for all frequencies within the theta range. Theta band wavelet results were visually inspected, and any additional trials that were contaminated by artifacts were rejected. Analysis of the raw theta power in the baseline showed no group or condition differences, indicating that any observed stimulus-related differences were due to event-related changes in theta power and not to the overall differences in the baseline.
Event-related theta power was averaged across theta band frequencies (4-7 Hz) and across trials for each condition, and was expressed as percentage signal change from the average theta power during the −300-ms to 0-ms prestimulus baseline. To examine signal distribution across the scalp, the data were averaged into frontal (comprising AFz, AF3, AF4, Fz, F1, F2, F3, F4, F5, F6), central (FCz, FC1, FC2, FC3, FC4, FC5, FC6, Cz, C1, C2, C3, C4, C5, C6), and parietal (CPz, CP1, CP2, CP3, CP4, CP5, CP6, Pz, P1, P2, P3, P4, P5, P6) electrode clusters (see Fig. 3 ). The event-related theta power for each electrode cluster was averaged within time windows capturing the overall peak activity. A mixed-design analysis of covariance (ANCOVA) with group (LD vs. BD) and gender as between-subject factors, emotion (negative, positive, erotic, neutral) as a within-subject factor, and self-rated scores on anxiety, depression, motor and nonplanning impulsiveness, and disinhibition (tendency to disinhibit socially unacceptable sensation-seeking behaviors) as covariates was conducted on the emotional rating scores. With respect to the brain data, an ANCOVA with group and gender as between-subject measures, emotion and region (frontal, central, parietal) as within-subject factors, and the nondrinking dispositional covariates depicted above were carried out on event-related theta power change. These covariates were chosen because group differences were observed on these personality variables (see Table 1 ). Bonferroni correction was applied to limit family-wise error rates across all the statistical tests to 0.05 (i.e., for each hypothesis, the α level of .05 was divided by the number of comparisons). Group differences in dispositional variables and NIH-Toolbox results were evaluated with independent-sample t tests when the data were normally distributed and with Mann-Whitney U test for the variables that violated the assumption of normal distribution. Chi-square was calculated for categorical variables such as gender and race/ethnicity.
Results
Demographic, alcohol use, personality, and cognitive variables As shown in Table 1 , BD and LD groups were equated on age, gender, education, and race/ethnicity. However, significant group differences were observed on all variables associated with alcohol use as BD individuals reported consuming more alcohol, more binge episodes, and more alcohol-related blackouts in the past 6 months. Furthermore, the BD group reported that they started drinking at an earlier age; reported more alcoholism-related symptoms; greater number of drinks needed for intoxicating effects; stronger enhancement, social, and coping motives for drinking; and more negative consequences of alcohol use within the past month than the LDs. BD group also reported higher levels of motor and nonplanning impulsiveness, disinhibition, lower GPA, and a trend toward higher anxiety and depression compared to LDs. No group differences were observed on personality questionnaires, working memory, cognitive flexibility, processing speed, or episodic memory dimensions, as assessed by the NIH Toolbox Cognitive Battery.
Spearman's rank correlation coefficients were calculated between alcohol-consumption-related variables and other self-reported measures. For the BD group, the number of binge drinking episodes during the past 6 months was positively correlated with their conformity motives for alcohol Fig. 1 Examples and valence and arousal rating scores (M ± SD) of pictures selected from the negative, positive, erotic, and neutral categories obtained on a 1-9 Likert scale Cogn Affect Behav Neurosci consumption, r s (30) = .44, p = .01, indicating that the stronger the motives to conform to the peer-group pressure to drink, the more frequently the individuals engaged in binge drinking. Furthermore, the self-reported levels of anxiety and depression were both positively correlated with variables associated with the frequency, amount, and adverse consequences of alcohol consumption, all r s (30) > .43, ps < .02. These results implied that among individuals with a history of heavy episodic (binge) drinking, those with higher emotional distress (i.e., anxiety, depression) were more likely to be involved in excessive alcohol use and experience alcohol-related problems, although causality cannot be inferred.
Behavioral task performance
Subjective ratings were submitted to a mixed-design ANCOVA, and the Greenhouse-Geisser correction was applied to mitigate violations of the sphericity assumption. The results (see Fig. 2 ) revealed a main effect of emotion, F(3, 165) = 39.11, p < .001, η p 2 = .42, which was due to expected differences in picture ratings. The follow-up comparisons showed that positive pictures were rated as evoking more positive feelings than the erotic pictures were, t(63) = 3.51, p < .001, d = .44, which, in turn, were rated as more positive than the neutral ones, t(63) = 9.48, p < .001, d = 1.19. The negative pictures were rated as more negative than the neutral category pictures were, t(63) = −51.49, p < .001, d = −6.44. A Gender × Emotion interaction, F(3, 165) = 3.86, p = .04, η p 2 = .07, was a result of more positive ratings for erotic pictures given by male participants, t(62) = 2.27, p = .03, d = .57, but this comparison did not survive the Bonferroni adjustment. There were neither differences between LD and BD groups, F(1, 55) = .03, p = .86, η p 2 = .001, nor a Group × Emotion interaction, F(3, 165) = .22, p = .75, η p 2 = .004, while controlling for the five dispositional covariates.
Event-related theta
Event-related theta power expressed as percentage change from baseline is shown for all four picture conditions for BD and LD groups in Fig. 3 . Theta power was sensitive to the emotional categories, with greatest differences apparent during a~200-600 ms poststimulus time interval. For both groups, erotic photos elicited the strongest theta, peaking at 400 ms. The negative and positive photos elicited bimodal theta reactivity with an early peak at~250 ms, which was especially prominent in LDs, followed by a subsequent theta power increase peaking within~500-600 ms. The pattern of theta activity to different emotional pictures was similar across frontal, central, and parietal electrode sites.
The event-related theta power was examined with an overall mixed-model ANCOVA during a 200-600-ms interval, with group and gender as between-group and emotion and region as within-subject factors, and five disposition variables serving as covariates as described in the Method section. The analyses yielded a marginally significant main effect of emotion, F(3, 165) = 2.25, p = .08, η p 2 = .04, as the event-related theta power was the greatest for pictures with erotic themes, followed by negative, positive, and neutral images across the brain, with all stepwise comparisons ps < .001, |ds| > .44. There was also a marginally significant Group × Emotion interaction, F(3, 165) = 2.37, p = .07, η p 2 = .04. However, there were no other two-way, three-way, or four-way interactions between the factors of group, gender, emotion, and region, or the main effect of group, gender, or region, ps > .24, η p 2 s < .03, after controlling for anxiety, depression, motor and nonplanning impulsiveness, and disinhibition levels. Since the factors of gender and of region did not modulate the effects of group and emotion on theta, the subsequent analyses focused on parietal sites, which showed the most prominent emotional impact on theta activity as shown in Fig. 3 . To further compare the two drinking groups on event-related theta induced by each emotional category, theta power change in each condition was then submitted to ANCOVAs, with the group factor and the aforementioned dispositional covariates. The results indicated that there were no group differences in the overall theta power in response to negative, F(1, 57) = .58, p = .45 η p 2 = .01; positive, F(1, 57) = .07, p = .80, η p 2 = .001; erotic, F(1, 57) = .12, p = .73, η p 2 = .002; and neutral pictures, F(1, 57) = 2.57, p = .12, η p 2 = .04. Finally, to investigate the emotional modulations in event-related theta separately for each group, paired-sample t tests were carried out which indicated that for the LD group, the event-related theta power decreased from erotic, negative, positive, to neutral pictures, with all pairwise comparisons, ps < .001, ds > .73. For the BD group, erotic pictures elicited the greatest theta compared to the other Fig. 2 Average subjective ratings for pictures in the emotional rating task. Differences in ratings are indicated as follows: ***p < .001. No differences between LD and BD groups were observed Cogn Affect Behav Neurosci emotions, ps < .001, ds > .86, but the theta to other three emotional categories did not differ after Bonferroni correction, ps > .01, |ds| < .48.
To investigate emotion-specific modulation of theta activity to emotional relative to neutral condition, difference scores were calculated by subtracting theta power elicited by neutral pictures from those elicited by emotional (negative, positive, erotic) pictures during the 200-600-ms time interval see (Fig.  4a) . A marginally significant main effect of emotion, F(2, 114) = 2.56, p = .08, η p 2 = .04, replicated emotional modulations of theta with Erot-Neut > Neg-Neut > Pos-Neut, ps < .001, ds > 1.50. More importantly, there was a main effect of group, F(1, 57) = 5.44, p = .02, η p 2 = .09, resulting from greater theta power to emotional relative to neutral pictures in the LD compared to BD group, even after controlling for anxiety, depression, motor and nonplanning impulsivity, and disinhibition levels. The LD group was more sensitive than BD to emotional modulation for negative versus neutral pictures, F(1, 57) = 8.29, p = .006, η p 2 = .13, with the same trend for positive versus neutral pictures, F(1, 57) = 3.19, p = .08, η p 2 = .05, after controlling for the five personality covariates. There were no group differences for the differential theta to erotic versus neutral images, F(1, 57) = 2.01, p = .16, η p 2 = .03. Spearman's rank correlation analysis carried out for the BD group indicated that the emotion-induced theta power difference averaged across negative and positive photos correlated negatively with the number of binge occasions within the past 6 months, r s (30) = −.38, p = .03. These observations suggest that BD participants with more recent binge episodes might be less sensitive to emotional valence. Correlations between the emotioninduced theta difference and other dispositional attributes or alcohol-related variables in BD group did not reach significance.
Potential lateralization of neural activity was examined with a 2 (group: BD, LD) × 4 (emotion: negative, positive, erotic, neutral) × 2 (hemisphere: left, right) ANOVA on theta power from left (CP3, CP5, P3, P5) and right (CP4, CP6, P4, P6) parietal sites during the 200-600-ms epoch. The results showed a main effect of hemisphere, F(1, 186) = 14.77, p < .001, η p 2 = .07, due to larger event-related theta power at the right relative to the left locations overall. However, there were no interactions between hemisphere and emotion, F(3, 186) = 1.62, p = .19, η p 2 = .03, or group factor, F(1, 62) = 2.07, p = .16, η p 2 = .03, or three-way interaction, F(3, 186) = 2.05, p = .11, η p 2 = .03.
Comparisons between high-BD and low-BD subgroups
It has been well documented that there is a considerable variability among binge drinkers in their consumption patterns and the associated consequences (Read et al., 2008) . Therefore, we examined potential association of highintensity versus low-intensity binge-drinking levels and theta emotional effects by refining the grouping of binge-drinking individuals. BD participants were subdivided into two subgroups with the highest and the lowest frequency of recent binge drinking, respectively. Low-level binge drinkers (BD-L, n = 17, 53% males) reported 10 or fewer binge episodes, 6.5 ± 2.2, on average over the previous 6 months. Highintensity binge drinkers (BD-H, n = 15, 47% males) reported 12 or more binge episodes, averaging 19.7 ± 5.8, during the same period. In addition to binge episodes, the BD-H reported higher levels of conformity drinking motives than the BD-L subgroup did, U = 63.50, p = .02, r = .42. A Group × Emotion ANCOVA was performed on the emotion-induced event-related theta change within the 200-600-ms window for the LD group and both BD subgroups with the abovementioned nondrinking dispositional covariates (see Fig. 4b ). A main effect of group, F(2, 56) = 4.02, p = .02, η p 2 = .13, was due to a lower emotional modulation of theta for BD-Hs in contrast to LDs, F(1, 40) = 6.18, p = .02, η p 2 = .13. Follow-up analyses explored the effects of emotional valence on theta, indicating 
Discussion
The present study examined modulations of event-related theta power in response to emotionally evocative images in young adults differing in their drinking patterns. Greater theta power was elicited by emotional compared to neutral pictures overall with the maximal effects taking place at~200-600 ms, in agreement with other evidence of theta power in response to IAPS pictures (Aftanas et al., 2004; Aftanas et al., 2001 Aftanas et al., , 2002 Balconi, Grippa, & Vanutelli, 2015) . Of particular interest was to compare behavioral and brain-based indices of emotional processing in young adults who engage in heavy episodic (binge) drinking versus those who drink moderately. The two groups did not differ in their ratings of the emotional images, suggesting comparable subjective perception across a wide range of picture valence and salience. However, the sensitivity of event-related theta to emotional salience was diminished in binge drinkers, which was most pronounced for negative and positive emotions. The attenuated affective modulations in theta power was negatively correlated with the number of self-reported binge episodes within the past 6 months among the binge-drinking participants, possibly suggesting cumulative effects of high-intensity episodic drinking. The divergence in the group differences between the behavioral and neural data suggests that the cortical theta oscillations may serve as a sensitive neural marker of the subtle brain dysfunctions in young, healthy binge drinkers, even when no behavioral manifestations are evident. Furthermore, we observed group differences in certain aspects of trait impulsiveness (i.e., motor and nonplanning) and the disinhibition dimension of sensation seeking, along with a tendency toward higher depression and anxiety in the BD group. The observed association between frequent binge episodes and the symptoms of anxiety, depression, impulsivity, and disinhibition are consistent with previous similar reports in young binge drinkers (Balodis, Potenza, & Olmstead, 2009; Bonin, McCreary, & Sadava, 2000; Marczinski et al., 2007; Paljarvi et al., 2009) . However, the current study showed that the binge-related affective theta deficits remained significant, even after controlling for these dispositional variables. In tandem with the nonsignificant correlations between emotioninduced theta power and these variables, the present results substantiate the view that the suppressed affective theta in binge drinkers is independent of the potentially confounding effects of neuropsychiatric symptoms like depression, anxiety, or impulsivity. Event-related theta power to erotic pictures did not differ between the BD and LD groups. However, it was differentially sensitive to negative and positive versus neutral pictures in the LD but not in the BD group. This was already visible in the early theta modulation peaking at~250 ms, which may reflect the orientation of attention toward emotionally salient and therefore potentially important events (Halgren & Marinkovic, 1995) . This early rapid appraisal stage may serve Cogn Affect Behav Neurosci to mobilize resources to evaluate the situation and react as necessary and may facilitate easier encoding of the emotionally relevant stimuli. Previous evidence indicates that acute alcohol intoxication selectively abolishes the arousal-related orienting response to novel sounds (Marinkovic, Halgren, & Maltzman, 2001) , and the amplitudes of N2b/P3a complex to facial emotional expressions is reduced in individuals with AUD (Maurage, Campanella, Philippot, Vermeulen, et al., 2008) . In addition, alcohol-related defects in orienting responses to salient nonalcohol stimuli are likely associated with the alterations in the frontoparietal attentional orienting and selection systems, which may also contribute to the biased processing of alcohol stimuli in those diagnosed with alcohol addiction (Muller-Oehring & Schulte, 2014) . The blunted early sensitivity of theta oscillations to emotional salience in relation to binge drinking observed in the present study may provide evidence for the binge-related deficits in neural systems that support preferential orienting to stimuli that incorporate emotional information. More broadly, this finding is consistent with the evidence of attentional deficits reported for binge drinkers (Hartley, Elsabagh, & File, 2004) .
The lack of emotionally differentiated early response may further undermine the subsequent emotional and cognitive stimulus evaluation and integration of the event with semantic, mnemonic, and affective contributions (Halgren & Marinkovic, 1995) . Binge drinkers showed attenuated theta to emotional stimuli throughout the trial, indicating deficient affective and cognitive evaluation and memory encoding (Başar, Başar-Eroğlu, Karakaş, & Schürmann, 2001; Klimesch, 1999; Klimesch, Doppelmayr, Schwaiger, Winkler, & Gruber, 2000) . Indeed, it has been shown that theta is highly sensitive to the effects of chronic excessive use of alcohol (Kamarajan et al., 2004; Kamarajan et al., 2012; Rangaswamy & Porjesz, 2014) , as well as acute intoxication Krause et al., 2002; Marinkovic et al., 2012) during cognitive tasks, especially under higher cognitive load (Rosen, Padovan, & Marinkovic, 2016) . Theta oscillations are sensitive to emotional salience (Aftanas et al., 2004; Aftanas et al., 2001) and are thought to underlie the long-range cortico-cortical and corticolimbic interactions implicated in cognitive and emotional processes (Başar et al., 1999; Cavanagh et al., 2011; Hyman et al., 2005; Paré, 2003) . Therefore, alcoholrelated theta attenuation may reflect dysregulated integration of activity across different cortical areas as well as corticolimbic connections (Halgren et al., 2015) . On this view, the neuro-affective impairments in theta may mark the transition stage between binge drinking and alcohol dependence and could be helpful in early diagnosis and prevention of alcohol-related disorders.
The neural disturbances observed in young binge drinkers are consistent with the compromised functional connectivity in the frontoparietal (Muller-Oehring & Schulte, 2014) and corticolimbic systems that mark alcohol addiction (Koob, 2014; Koob & Volkow, 2010) . Neuroimaging studies of young binge drinkers have reported wide-range neurostructural abnormalities in cortical and subcortical regions, including frontal, parietal, cerebellar, and striatal areas, ranging from altered cortical thickness, atypical gray/white matter volumes, to disturbed dendritic complexity (Cservenka & Brumback, 2017; Howell et al., 2013; Kvamme et al., 2016; Lisdahl, Thayer, Squeglia, McQueeny, & Tapert, 2013; Morris, Dowell, Cercignani, Harrison, & Voon, 2017; Squeglia et al., 2012) . Structural deficits in the brain regions that are engaged during processing of emotional stimuli, such as amygdala, hippocampus, and prefrontal cortex, have also been documented in AUD (Agartz, Momenan, Rawlings, Kerich, & Hommer, 1999; Makris et al., 2008; Oscar-Berman & Marinkovic, 2007; Sullivan & Pfefferbaum, 2005) . They may underlie neural adaptations at the level of a corticolimbic interactive neural system indicating that instead of engaging the limbic structures such as amygdala, emotional stimuli may be processed by the prefrontal cortex instead (Marinkovic et al., 2009 ) but at processing inefficiency costs (Sullivan & Pfefferbaum, 2005) . The current findings of dampened affective theta in BDs align with such alcohol-induced perturbations in the interactive corticolimbic pathways. Theta oscillations play a key role in mediating synchronous interactions across cortical and subcortical structures (Hasselmo & Stern, 2014; Klimesch et al., 2001; Paré, 2003) , which has been confirmed by intracranial EEG recordings in humans (Anderson, Rajagovindan, Ghacibeh, Meador, & Ding, 2010; Halgren et al., 2015; Wang et al., 2005) . Taken together, the functional and structural deficits in the cortical and limbic structures and the anomalies in their interactions observed in binge drinkers and AUD may partially explain the impaired decoding of affective information (Dethier, El Hawa, Duchateau, & Blairy, 2013; Foisy et al., 2007; Kornreich et al., 2013; Maurage, Campanella, Philippot, Martin, & de Timary, 2008) and their binding into episodic memory as a consequence of acute or long-term alcohol consumption (Knowles & Duka, 2004) .
It is possible that the observed group differences in emotional theta modulations are due to preexisting vulnerabilities that precede heavy drinking. Even though our study could not address that question directly, the negative correlation between binge-drinking frequency and affective theta modulation indicates that individuals with higher levels of highintensity drinking are less sensitive to emotional valence, which is consistent with deficits across different domains (Patrick et al., 2016; Read et al., 2008) . We explored these effects further by differentiating high-level binge drinkers (BD-H) from those who engage in binge drinking at moderately low levels (BD-L). The BD-Hs had smaller theta power to emotion-induced stimuli than the LD group and weaker theta for negative (vs. neutral) images than BD-Ls. These Cogn Affect Behav Neurosci findings suggest that the observed theta impairments in BD-H individuals may be due to risk factors that also lead to alcohol misuse but may also be a consequence of high-intensity drinking (Ahmadi et al., 2013; Jacobus & Tapert, 2013; Petit et al., 2014) .
The present results indicate that binge drinking, primarily high-intensity drinking, is accompanied by suppressed theta responses to both negatively and positively valenced stimuli. Effective perception and comprehension of the events that contain negative or positive cues play a crucial role in self-protection, emotional regulation, and social functioning (Kornreich et al., 2002; Neuberg, Kenrick, & Schaller, 2011) . The dysfunctional recruitment of appropriate neural circuitry for rapid appraisal and selectively integrated processing of affective information in young binge drinkers is compatible with the high risk-taking tendency, emotional distress, and interpersonal difficulties in this population that have been previously documented (Bonin et al., 2000; Kuntsche et al., 2004; Laukkanen et al., 2001; Okoro et al., 2004; Stahre et al., 2009; Wechsler, Davenport, Dowdall, Moeykens, & Castillo, 1994; Wechsler, Dowdall, Davenport, & Castillo, 1995; Wechsler et al., 2002) . Anxiety and depression are commonly associated with excessive drinking and predict alcohol abuse as they may motivate further drinking in an effort to relieve these negative states (McCaul, Hutton, Stephens, Xu, & Wand, 2017; Pedrelli, Borsari, Lipson, Heinze, & Eisenberg, 2016) . However, the observed changes in emotional theta modulation are not mediated by dispositional variables such as anxiety and depression but correlate with high-intensity drinking levels. Therefore, binge drinking may reduce emotional responsivity, which may then increase alcohol consumption use as a coping strategy, and this, in turn, can lead to the development of alcohol use disorders (D'Hondt et al., 2014; Philippot, Kornreich, & Blairy, 2003) .
In sum, the current study investigated oscillatory brain dynamics during the processing of emotionally evocative pictures. Despite the absence of group differences in subjective picture perception, emotion-induced theta was selectively weakened among binge drinkers, particularly those who engage in high-intensity drinking. These findings indicate blunted widespread modulation of cortical processing and corticolimbic interactions that may underlie impaired emotional and social functions in young binge drinkers. They are also consistent with compromised corticolimbic affective functions that characterize alcohol addiction, inasmuch as binge drinking is considered a transitional stage toward alcohol use disorder. At the clinical level, our findings may provide implications for the diagnostic and interventional strategies, as the blunted affective theta could serve as a predictive biomarker of the development of alcohol misuse even when differences on behavioral measures are not apparent. Furthermore, these results underscore the importance of addressing emotional dysfunctions in the context of heavy drinking in young adults.
